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INTRZSUCTION

The future kattlefield will hzve a high density of sophisticated,
lethal weapons. Mincc will ke used on this battlefield together with
nuclear, biological .aud cheni ca1 weapons to retard and restrict the

, advance of enemy forces across wide land areas. A wide variety of

) remctely deliverable, "air ccatterable mines will be available to inter-

dict, delay and destroy encmy forces. Tor US forces to remain effective
in this hostile environment, friendly forces must be able to maintain

their tempo of operations under fire. - fgese unique requirements dictate .
{ the’ development of rasal time countermine’systems, effective against a ; !
|
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wide variety of fuze: t‘*hcs, that ,ulckly clear large land areas. Explo-
sive technology is-one of a small’ number of technological areas capable
of meeting these special mission reguirements.

| : Trad:.t:onal],y, explosive weapons such as line charges have been used
: to produce’ smgle mpulses sufficient to deflect mine pressure plates
4 and thereby .cause mine:detonatien. Kecent advances in the development
of fuel air explosive (FAL) weapons has lead to mine neutralization
systems that are effective against pressure plate mines over wide land
‘ areas. Present TAT weapons explosively disseminate ard detonate a
liquid fuel over a wide land area. A small central explosive burster

e disperses the liquid fuel ar small droplets suspended in a large air
l . Q_ mass. A detonator, alsc dispensel into the fuel-air cloud, it detonated
: O after an appropriste delay. while these liquid fuel systems work well
() for mine neutralization api:lizations, there are shortcomings to this
approach: (1) the maximum ;1recsures obtainable for stoichiometric
combustion; (Z) apﬂrowumau‘ 19, of the liquid fuel rounds result in
burning and not in detonaticu; (%) long term storage of certain fuels
results in polymerization of the liguid. The use of solid powders in
wide area mine neutralization weacons obviates many of the difficulties
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intrinsic to liquid fuels. Solid particle sizes can be controlled
during manufacture so that explosive dispersal can be accurately and
reliably controlled. In addition, solids have long cheif lives reducing
the problens asscciated with long term ztorage of munitions. Most
impertantly, however, the terminal wesnon effects for liquid Ffuel weapons
are limited by. the pressures they can produce.

“~The vulnerability of a structure to blast overpressures is given by
a critical load curve in which yb—: procsures are plerted versus anul<e.
The changing values of ¥, 1 given by each curve is shown schematically
in Figure 1 toaethar with an indication cf the performance of FAE
weapons against these mines. The detonation of dispersed poiders does
not ghare the limitation:in maximum overpressures found fror the liquid
fuel-air systems.  Solid powders such as explosive powders and combina-
-tions of flaked aluminum and ammonium perchlorate, carry their own
oxygen at the molecular level for efficient cqmbustion during detonation.

The pressure P, obtainable in ‘detonation of a powder-air mixture is
a function of the heat ih a particular solid availabie to be r<lessed in
detonztion, G,.the dens;t) of explcslve f » and the detonatiwvn velocity,

D, -such that |
P = P(f)Q D) 1)

*The maximum prescures attainable in uowdered d:spcrsed solid =rstems

that carry molecular oxygen is easily related to the dencsity of explosive,
the -energy available. for ccrbustion and the.detonation velocity. There-
fore, dispersed nowdered systems can be developed in which the pressures
obtiined are detoriified by the density of the dlspersod powdar-air
mixture and the combustion energy rntrlnelc to the selected sclid.

‘,THEGRETICA'.: BASISFOR-THE DETOHATION OF POWDERS DISBERSED IN AiR

. A theoretical model of the detonation of fiue powders dispersed in
air must accurately describe the excthermic release of chemical energy,
the compressibility of the reaction products ana chemical reaction rate
effects. If it can be assumed that the reaction products are gessous
and rapidly mixed and that reaction ratc effects are manifested in a
cetonation wave propagating through the unreacted mixturc of a powder
suspended in air, then details of the detonation process at the particle
scale will not substantially affect detonation parameters. The dispersed
powder-air mixturce can be represented as a molecular, heterogeneous
medium at an averaged thermodynamic state. The Chapman-Jouguet (CJ)
detonation wave model is appropriate for this medium if the reaction
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front iz handled diceontivuity acros: which an average instantdnesus
energy ic releassd. Tlicker: anq Ja‘_.‘ have shown from energy, mass and
;mOMENTun relatic t!

: —_— ) Ti = 3({")%» »oo e (2) :

fo““xi-lfw, (3) o

_ v,
D = {(S'U-‘)_Po 2 , and (1) :
® Z

for e v gnde s o v |

where Po is the detonation pressure, <'the ratic of the specific heats )
of the combustion groducts, <eo the lcading density, [ the excthermic . :
reacticn energy, Yo the density ané the CJ state, ' the detonation

velocity and C the concentretion.

3

P

: The amount of energy released dep2snds on the chemrical and thermo- !
dynamic processes involved in detonation. . A fundamental assumpticn irn :
the Chanman-Jouguet theory of detonation is' that chemical equilibrium :
existe wrong the reaction species in the rzaction zone ¢f the detonation,
-i.e. all ci the ckemical rzaction energy cOht“lkaeS‘.O the propagation
-of thevdetonation. 1% is conveniéent to evaliuate the energy, L, for a
constant vslume aclabat.c process so that the result ¢an be znterpreted
{ as ;uae;enuent ci such combusticn properties as the nature and distri-

bution of colid ;article:. THe ccnstant volume DPeSSL“e, Pv, is giver by
U(—l)-f.,° A (6) ;
If the values for ){ -and. £ are.approximately the sa;ne?, then

P,=2%, B o

oo 2Rt S A5ty AR ki L) Sl e At sl b

The constant volume pressure, Fv, is easily obsérved experimentally as :

' the pressure observed for a detonation in a fixed veclume “closed bomb". :
' ‘ Flickett, W. D., "Detonation”, University of Califernia Tress, Berkeley,

CA, 1979. e :

“Zeldovitch, 1. k., and Dompaneets, A. S., "Thesry of Détcnatién","‘
Academic Press, New York, 18¢0. R T
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io compare this experimerntal value for the pressure givern in egjuaticn
7 with that theoreticaliy expected for a specific powder, the theoretical
pressure is ohtained for the temperature cf the detonation. Tnhe temper-
ature attained depends on the heat evolved in chemical reactjons less
that consumed in physical phase changes and the heat capaci¥ies of the
reacrion products obtained. The mathematical statement for chemical
equilibrium of multi-reaction is a minimum. The Gibbs free energy is
pinimized using a La Orange multiplier technigque developed by Naphtali
A table of stoichiometric coefficients is formed in which each column
represents a reaction arnd each row a component. The energy in row i
column j is

;é,.j . (o )/ (PE;) ®

where 2 is the number of moles of component ¢ and éf} is the extent
of reaction J . & change in composzition is given by .

2, = ?_,'z)'.‘/.q/g,- . - | ‘_(9';

According to thermodynamics, C = Z /Ql; where {; 1is the standard

free energy cf formation per mole. At a fixed temperature. and.rressure,

we obtain S S A
JC-—- Z/Jz i% %/Jg\,j = JZ)’;/‘:”{/']J;M)

The free energy change for reaction j can be defined as
AG@"‘-?/H”:;,’, 7 o - an

so that equation 10 becomes

3Haohta*1, N, M., "Calculate Com“lex Chem1c31 Pqullbxra", Ind. ungr. Chcm“

52, 387 1861 ) - Sl
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(12)

dé = ZAGJ J%d .
Jv

For equilibrium d5=0 recuires that AS 5=0.  The condition AGi forms a ~
set of non-linear, equliibrium eouat‘on= The difficulty in minimizing
G3=0 increases as the number of equations increases.

Any change in compesition is thermodynamically possible if cJG <
A series of these changes should lead to a minimum poin<, i.e.

equilibrium composition, By choosing d%l AG dAX for J}.>O
= _ {Z(AGJ) }J,( . (13)
J
A change in composition is then given by
.. {zy,.jAej}az RPA DALY }ou. -
i - t ()
£ symmetric taple of values E;‘Fanrbe formed for the ceondition

Eit = %”ij»&j <€, | (15)

SO that

(a'l. o
E} ‘

gives the direction of decreasing free energy for any composition.
Using Equation 10

- (de)- fs‘_’{z.) = - (AG)
Cdﬂ) {Z/H Cd ) Z | (17)
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the proximity to equilibrium can be obtained from the sum of the sguare
for the AGj's for all reactions. Near ewu-.,zur. each A G; should

Le near zero and alsc the sum, Z, (4g; »?

) For the detonation of alun‘nun powders in air, the potential reactants
and products-include the following.

REACTANT
Al(s)

Al203(5)

N-(2)
Ca(g)

Hze(g)

TABLL 1

PRIDUCT
Al(s), A1), Al(g)

ﬁ;zga(s), AlgOs(l);
Alo33(g)

AIMg), A102(g), £1202(g)
HALS

N(gl, HQO(g) unlg), 2g),
Ki3(g)

Using this set of reactants and products together with thermodynamic

heat capac:t" da'a for each of these species, chemical equilibrium

compositions were calculated as a function of aluminum concentration

in air. The result ¢f these calculations for the Chapran-Jouguet Pres-

sure, tquation 7, for aluminum powder detonated in air is shown as a
functicn of aluminum concentration in Figure 2.

EXPERIMENTAL AP?ARATUS'

The shock tube is a good diagnostic apparatus for studying one-
dimensional explosive phenomena. Shock tubes can be used to investigate
extrinsic properties’ of powder-air Systems-suchas pressure, temperature
and concentration as well as intrinsic properties such as particle size
and ignition induction time. Homogeneous powder-air systems were inves-
tigated with a detonation tube with the provision for the rapid formation

of powder-air mixtures.

To assess the puwder distribution homogeneity,

the concentration of the powder-air mixture was measured through laser

v
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The detonnt:ivi el wunlicied cf three separate sections, each 1.8m
in length. The ohoor ol v 3L omounted vertically for @ total height of
S.4m. Lach : n had an internal diameter of 152mm and a

- 3
2Smm wall thichnz. po rlotk tule was designed fer static pressures
of i4.8GPa. oiecizl clampc were used to hold the three sections of the
tube together. bBoth ends c1 ine detonation tube were open. Test powder
was introduced Intc the Lottom and vented at the top of the tube. A
Blower was pi:co.l 3t cne ons o the tube tc pass air throug the tulbe
continucusly. . mLnemelar was usec to monitor the air flow through the
shock tube. 7Th: citirs :r:ck tube assembly is shown schematically in
Figure 3.
Pressure s ments were citained from piezoelectric gages mounted
in the center t tion. Trese gages were mounted in Nylon-6 to
dampen acceleraticn effects from the shock tube. A thin coating of
silicone grease containing powdered graphite was used to prevent a
thermal responte from the gages. All gages were initially calibrated
and routinely r-scalliirated 4ﬁ citu using known shotk pressures. Pressure
gage responses uere amo-lfl 3 by Tekironic AKS0? amplifiers and recorded
on a.Bell and howell 37C0E tape recorder. The concentration of the
povder uas monitorsd by micsuring the attenuation of the lie-Ne laser
(632mm) from a Spectrz-Phvsics Model 132 laser. The attenuated beam was
measured by 2 Hewlett Packard Fhotodiode, Model 5082-4220.

‘oW

The detonation tuhe was calibrated using homogenecis gas phase
detoriations. Calibration tests used near stoichiémetric ecthylene-air gas
phase mixtures. These tests resulted in detonation velocities of
1859 15 m/sec and a detcnation pressure of 298 * 200 psi, consistent
with reported Champan+iougnes values of 1750 m/sec and 270 psi respectively.

LYXDERIMENTAL RESULTS

The detonaticn tu'e was used to assess the deflagration and detonation
characteristics ci varivus Iuel powders. The results of these tests are
shown in Table 2. w o

. R, - y A

3
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Figure 3. SCHEMATIC DRAWING OF SHOCK TUBE APPARATUS.
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-TABLYL 11
- Concentrat ion T a
kg/m3 Frojaration Vel Overgrecsure
Powder Stoich Exp (km/sec) (kla)
Coal ‘ .10 .36 .58%0.02 3N
MicrotheneR .12 .19 L5820, 04 392
Starch .12 Lo .63:0.03 427
Mognesium Y .38 .6120.06 434
Aluminum .33 .40 1.5u4%0.11 5097
Aluminum .33 .60 1.62¢0.12 6352
Aluminum 33 .50 1.u6%0.08 5759
Aluminum .33 - .80 2.50%0.1¢ s5u3n

All of these powder dispersions propagated a shock wave disturbance
based on film records and pressure meASUrements. However, even*s
involving coal dust, Nicrothene®, starch and magnesium were considered
to be deflagrations. The flaked aluminum powder did detonate. ‘vedawick
et. 21.% gives the variation of the detonation valocity with concentra-
tion of aluminum in air shown in Figure 4. It is possible that the
variance of the experimertai data (approximately 1.6km/zec) from the
Chapman~Jouguet velocity (1.8km/sec) wac due to variation from stoichio-
- metric concentration, although wall losses due to 1nddeq te tube size
could also account for a decreasndyﬂetonatlon velocity. The extenced
reaction zone found in two phase hetnrognnnous_svstem, ‘(aluminum in air)
also contributes to differcices in experimentul ¢ata from that caleulated
for Chapman-Jouguet conditions.. Siched and Schaat£d have shown that it is

-

uSedgwick, R. T., Kratz, H. R. aﬁa'Baker,“ﬁ.,'"Ccnceﬁgéwfdr-Empxoved
Fuel Air Explosives”, Systems, Science and Softwarc Report SSR-R-77-
3005, Sentembeor 1876. : REEE

(4
“Sichel, M. and Schaaff, .J., MImcl.Air Ixplosjves - Theoretical Consider-
ations", AFATL-TR-71-171, 1, 109, December 1971.
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necessary to consider the fact that fuel particlec do not coptribute to
the pressure or volume occunicd by the unrcacted fuel (powdeﬁjﬁand air
nixture. When this aspect of two-phase lctonations is consicered, then
it has becn shown that the detonation velocity of the twe-phase system
is lower and the detonation pressure higher than that which could be
calculated for a purcly gascous detonation.bs

Figvre 2 gives the calculated Charman-Jouguet pressures for the
detonation of various aluminum concentrations in air. The calculated
Chapman-Jdouguet pressure ncihere excecds 3,000 kPa, yet stakle pressures
were obscrved experimentally up to twice this value. The experimental
pressure responses are believed to be accurate to the degiec indicated
in Table 1I. Gidaspow® has pointed out that in two-phase Ilow there are
also complex-effects that cep cause instability effects that may be
manifested in the pressure and other characterictics of heterogencous
detonations. It has been dcmonstrated that dispronortionation exists
in the induction zone of propagating twi-phase detonations. This implies
unequal phase velocities of the two phnses and a more complex analyeis
of the ins.ability effects. Alternatively spinning detoraticn of two-
phasc systems alsc increases the observed pressure while lowering the
detonation tube ¢t a lower linear velocity (and a higher rotational
velocity) and creates substantially higher pressures at the walls of the
detonation tube.

swilliamé, F. A., "Structure of letonaticns In Dilute Cprays", Phys.
Fluids, 4, 1961. B

7Nicholl§; JgZA., imbora, E. K. and Ragland, K.  W., '"A Study of Two-Phasc
Detonation.As It Relates To Rocket kctor Combustion Instability"”,
NASA CR'272; 1965. :

aGidaSPD;; D., "A Thermodynamic Theory of Two-Phasc Flow With Unequal
Phase Velocities", NATO Advanced Study Institute on Two-Phase Tlows
and Heat Transfer, August 1976.
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CONCLUSIONS - il

Fine powders of flaked aluminum have been rapidly dispersed and then
detonated in air. These powder-air mixtures produce sulstantial
cverpressures. Chemical corbustion reactants and products have been
identified for an aluminum deionation in air. A Lla Grange multiplier
technique was usrd to minimize the Gibbs Free enerpgy associated with
the chemical equilibrium combustion products. Chapnan-Jouguet prassures
and detonaticn velocities were calculated for the combustion of aluminum
powders in air over a large range of powder concentrations.

Experimentally, a fluidized shozk tube was constructed to study the
detonation of heterogerncous powder-air systems over a wide range of
cloud densities. Dymanic particl2s concentrations were measured as a
function of cloud overpressurve and detonation velocity. Experimental
measurements of prescures, detonation velocities and cloud dencities
indicated that dispersed powders of coal dust, MicrotheneR, starch,
ragnesium and aluminum propagated shock wave disturbances. The cvents
involving coal dust, HicrotheneR, starch and magnesium were deterwined
to be deflagrations. The flaked aluminum powder detonated cover a wide
ranze of cloud densities. The aluminum cloud pressures ohserved experi-
mentally were nighoer than vhose reperted for liquid fuel air explosive
clouds. The priessures’ gbséiyed for-the-aluminum-air.&loud: were higher
than those calculate< by minirizing the Gible Free cnergy. Correspond-
ingly, lower detonation velocities were obscrved than those obtained
from theoretical calculations. These variances arc attributed to the
extended reaction zone found in two-phasc, heterogencous systems.

The detonation of distersed powders has a great potential for fuiure
weapons 1o fenerate significan%tly higher pressures over wide land areas
than that presenily available through present liquid fuel air explosivec.
Because powders (explosives., combinatisns of fuel and cxidizer s'ich as
aluminum plus teflon or ammonium perchlorate, etc.) carrv their own
oXygen at the mojecular level. the pressures generated by the detcnation
of these powder-air clouds will not be restrjcted by the amount of
atmospheric oxyzer. available for combustion. In facv., the pressures
generated by these clouds can be cuntrolled through the dencity of the
powder-air clouds and the chemical energy intrinsic to the solid powders
used to generarte each cloud. The higher pressures and impulses from
these clouds will be capable of causing calastrophic damage to land mines
or other structures on the battlefield. Used in a countermine role, the
development of powier-air systems represents a potential for significant
new capahility te destroy or neutralize mines over wide land ereas
irrespective of mine fuzing.




